Michael Szwarc was born in Będzin, an industrial town in the south of Poland, as an only son of a Jewish family. Michael received his pre-college and college education in Warsaw and in 1932 received his degree in chemical engineering from the Warsaw Polytechnic Institute. After graduation he married in 1933 Maria Frenkel (Marysia), whose brother married his younger sister Rala. From 1933 to 1935 he worked in Poland as a chemical engineer. In 1935 he emigrated to Palestine (today's Israel) and after a year was joined there by his sister and brother-in-law. Two of his three children were born during his stay in Jerusalem, where he was engaged in research at the Hebrew University of Jerusalem and from which he gained a PhD in organic chemistry. In late 1945 he went to England, where he joined the group under Professor Michael Polanyi FRS in Manchester.
by investigating the pyrolytic decomposition of toluene. Michael was reluctantly permitted to follow this approach. After solving the problem of the removal of impurities in the toluene, he succeeded in elucidating the mechanism by which toluene undergoes pyrolytic decomposition. The previously unknown reaction, postulated by him and later confirmed by Steacie,
provides the first example of what is today known as atomic cracking. Michael developed in continuation of this the so-called 'toluene carrier technique', which allowed the determination of bond dissociation energies of many polyatomic molecules.
After his studies of the strength of the PhCH 2 -H bond by the pyrolytic method, Michael turned his attention to the effect of toluene substituents on their bond dissociation energies. He reviewed this subject in Chemical Reviews (2)*. Within the framework of these studies of pyrolysis of toluene derivatives he also investigated the pyrolysis of p-xylene. Unexpectedly, in the cold trap through which the pyrolysed vapour was flowing, he found the deposition of a thin film instead of the expected dibenzyl derivative. He concluded that the initially formed p-methyl benzyl radical underwent further dehydrogenation (either by disproportionation or by dissociation) and yielded the quinonoid hydrocarbon CH 2 =C 6 H 4 =CH 2 , which was unknown at the time but had been predicted by theoretical chemists. The formation of ICH 2 -C 6 H 4 -CH 2 I on the addition of iodine to the cold trap proved the existence of this quinonoid hydrocarbon (1). Subsequently, Michael proved that the thin film deposited on the walls of the cold trap was the previoiusly unknown polymer poly(paraxylelene), formed by spontaneous polymerization initiated by the dimerization of the quinonoid derivative of p-xylene (p-xylelene), a reversible exothermic reaction that requires some activation energy (8, 27): 2 CH 2 =C 6 H 4 =CH 2 ↔ • CH 2 -C 6 H 4 -CH 2 -CH 2 -C 6 H 4 -CH 2
• .
Szwarc presented the results of these studies during an international meeting of the Faraday Society in Oxford in two papers: one on the C-H bond dissociation of toluene and xylenes and the other on the formation of xylylene and its polymerization to poly(paraxylelene). Both papers were well received. H. S. (later Sir Hugh) Taylor FRS, then dean of the Graduate School in Princeton, suggested organizing for him a lecture tour of the American universities and industrial research laboratories. During this tour, which took place in 1950, he lectured at 45 universities and research laboratories and was invited to a Gordon Conference on Polymers, where he met most of the leading polymer chemists of the period. After his discovery of poly(paraxylelene) he searched for other analogous spontaneously polymerizing monomers, and discovered a whole class of similar reactions (3).
Michael later observed, 'The discovery of this unusual "monomer" (quinonoid hydrocarbon) and its unconventional polymerization led to my interest in Polymer Chemistry and Radical Chemistry'.
He also decided to reinvestigate the reaction of phenyl radicals with toluene in the gas phase, using the pyrolytic method and a flow system (4). The results of this study revealed that in the gas phase, unlike in solution, the phenyl radical reacts with toluene as with aliphatic hydrocarbons. Namely, it abstracts hydrogen atom from toluene, yielding the benzyl radical and benzene. To explain the discrepancy between his experiments in the gas phase and those experiments previously described in the literature (and confirmed by him) conducted in solution, Michael later postulated that formation of a Ț-Ț complex, facilitating the interaction between two approaching aromatic moieties, was responsible for the addition of phenyl radicals to the aromatic hydrocarbons in solution.
Michael Szwarc remained on the staff of the University of Manchester from 1945 to 1952. In 1947 he was presented with another PhD, this time in physical chemistry, and two years later he was granted the degree of DSc for his work on the dissociation energies of chemical bonds. Michael Szwarc started his activities in Syracuse by continuing his studies on the mechanism of formation of poly(paraxylelene), improving the methods for its preparation and investigating the properties of these novel polymeric materials, which are used today, under their commercial names of Galaxyl Parylene N፱, Galaxyl Parylene C and Galaxyl Parylene D, for vacuum conformal coatings in electronics, in orthopaedics, and in such medical devices as catheters, valves, stents and prostheses.
These investigations demonstrated that the dimerization and subsequent polymerization did not take place in the hot and dilute gas phase but only on sufficiently cold surfaces. Objects subjected to the p-xylylene vapour and maintained at room temperature were coated by the polymeric film, but heating the surface of such an object hindered the formation of the polymer. The direct conversion of a gaseous monomer into a solid crystalline film, without passing through an intermediate liquid, prevented flow during the formation of a coat. Its thickness therefore depended only on the time of coating and its conditions but was independent of the curvature of the coated surface, so the film followed the shape of the surface uniformly.
Further development work, which eventually led to its commercial application, was conducted in industrial laboratories, first in Petrocarbon Co. and later in Union Carbide Co. Substantial improvement in the method of its preparation was achieved by replacing p-xylelene by the cyclic paracyclophane. The initial work described in his first publication on this subject took two weeks; the development work took more than 10 years and was successfully accomplished by Dr W. F. Gorham of Union Carbide.
Michael Szwarc started, jointly with his colleague Vivian Stannett, an investigation into the permeation of gases and vapours through polymeric films. The most interesting outcome of this work was the development of a permeation valve, a membrane through which water permeated rapidly in one direction but slowly in the other.
In parallel with this work he started, with his doctoral student Moshe Levy, a kinetic study of the decomposition of acetyl peroxide in isooctane solution. They measured the quantity of methane generated by the abstraction of a hydrogen atom from isooctane by a methyl radical generated by the decomposition of the peroxide. However, when benzene was added to isooctane, the quantity of methane became much smaller than that of the CO 2 evolved as a result of decomposition of the peroxide. Michael realized that under the conditions of his experiments the methyl radical adds to benzene but abstracts hydrogen from isooctane. Michael decided to use this as a basis for the determination of the methyl affinities of aromatic hydrocarbons. In a system in which isooctane and the investigated compound competed for a methyl radical, its reaction with the former yielded methane, whereas the reaction with the latter resulted in its loss. The total amount of generated methyl radicals was measured by the amount of CO 2 formed by the decomposition of acetyl peroxide. The ratio between the rate constant of methyl radical addition to the substrate under study and the rate constant of hydrogen abstraction from isooctane was defined as the methyl affinity of the investigated acceptor. The methyl affinity of benzene was taken arbitrarily as unity (5). Methyl affinities were determined for more than 200 substrates such as aromatic hydrocarbons, quinones, heterocyclics, olefins and acetylenes. The work was further extended to the addition of ethyl, isopropyl and CF 3 radicals, among others, to these molecules. This work provided data related to initiation efficiency, monomer reactivity and chain transfer processes. It also led to a better understanding of the factors governing the cage reactions of radicals (11).
A significant result showed that the disproportionation to combination ratio of ethyl radicals increases at lower temperature. He deduced from this result a novel model of the transition state of combination. He also suggested that this ratio should be affected by hydrostatic pressure. It does indeed increase with increasing pressure. Michael summarized the results of these studies and discussed their significance (9). Hans Fisher of the University of Zurich, who more recently used the time-resolved electron spin resonance (ESR) technique for the determination of the absolute rate constants and activation energies of methyl radical additions to a variety of substrates, has stated, 'we found an excellent correlation of the methyl affinities with the absolute rate constant of the addition of methyl to 20 alkenes'. He adds, 'Szwarc deduced a variety of factors which influence the reaction barrier. … He even correctly deduced the now accepted structure of the transition state'.
Shortly after the publication of his first paper on the methyl affinities of aromatic hydrocarbons in 1955, Michael chanced to meet, on a visit to the Brookhaven National Laboratories, Samuel Weissman, a pioneer in ESR studies of radical ions, who had also come on a visit to Brookhaven. Weissman remarked during their conversation that he had read Michael's paper with interest because Michael's data on methyl affinities correlated with the electron affinities of these hydrocarbons that he himself had measured. Michael asked how they measured electron affinities; Weissman described their (unpublished at the time) study of the equilibrium of electron transfer processes between an aromatic radical anion and another aromatic hydrocarbon, for example the radical anion of naphthalene plus phenanthrene, giving naphthalene plus the radical anion of phenanthrene. It occurred to Michael that electron transfer to styrene might produce species that would polymerize anionically from one of its ends and simultaneously by a radical mechanism from the other-an unusual phenomenon! Michael asked whether they had investigated electron transfer to styrene. Weissman's answer was brief: 'it is no use; it polymerizes and is converted into a gum'. Shortly after this meeting, Michael visited Weissman at Washington University in St Louis, Missouri, and asked for permission to look into the useless polymerization of styrene. After obtaining Weissman's consent, Michael returned to Syracuse and started investigating the anionic polymerization of styrene initiated by the radical anion of naphthalene, together with Moshe Levy and Ralph Milkovich. The resulting work led to the discovery of 'living polymers', an astounding discovery that opened new vistas for polymer chemists by enabling them to prepare polymers with predetermined molecular masses, a narrow Poisson distribution of molecular masses, and predetermined architectures, as well as well-defined functional polymers with functional groups placed at predetermined positions. An equally important consequence of Michael's discovery was that it enabled the preparation of block copolymers, star-shaped polymers, functional polymers and copolymers, among others, and permitted their architecture and characteristics to be controlled (6, 7). At the time, Michael's papers aroused enormous interest among the chemical community, and many laboratories all over the world started to work on this and on related subjects. Michael's discovery of the living anionic polymerizations induced many laboratories at universities and industrial research centres to search for methods of extending the living polymerization processes to other modes of polymerization. Indeed, several years later Stanislaw Penczek demonstrated the 'livingness' of ring-opening polymerizations. In the 1980s, inspired by Michael's discovery, Higashimura and Sawamoto and independently Kennedy and Faust developed living cationic polymerization (Higashimura & Sawamoto 1984; Faust & Kennedy 1986 ). Approximately at the same time Otsu introduced the 'iniferter' technique (Otsu & Tazaki 1986) and Webster et al. (1983) introduced the controlled group transfer polymerization of the methyl methacrylates. Finally, in the 1990s, living/controlled free-radical polymerization techniques such as nitroxide mediate polymerization, atom transfer radical polymerization and reverse addition fractionation polymerization were suggested by Georges et al. (1993) , Wang & Matyjaszewski (1995) , Moad & Solomon (1995) , and Lee et al. (1998) , respectively. It must be pointed out that not only were these techniques inspired by Michael's discovery, but they were in fact related to the concept of dormant polymers introduced by him.
Several ramifications of his discovery were obvious to Michael from the beginning, and he outlined them in 1956 in a paper in Nature (7). As result of his fundamental discoveries his papers were among the most frequently cited in the polymer field. Michael's discoveries will undoubtedly remain in the handbooks of chemistry and materials science as long as these subjects are taught.
After the discovery of the living anionic polymerization and the proof of its 'livingness' by showing that the molecular mass of the polystyrene formed as result of the introduction and exhaustion of the first batch of styrene increases again each time a new batch of styrene is added, it was also shown that the radical anions generated initially immediately undergo dimerization, and a dimer with anionic groups at both ends is formed. This dimer propagates anionic polymerization from both ends. Michael's studies have subsequently been extended in three directions: demonstration of the synthetic potential of living polymerizations, study of the kinetics and thermodynamics of such polymerizations, and investigation of electron transfer processes.
The results of these investigations, which also include the generation of dormant species, effects due to counterions, equilibria between radical anions and dianions, and electron transfer processes, are discussed below.
PROPERTIES OF BLOCK COPOLYMERS AND THERMODYNAMICS, AND KINETICS OF THE LIVING ANIONIC POLYMERIZATIONS
A particularly fruitful synthetic application of living polymerizations stemmed from the fact that they enable the preparation of tailored block copolymers. Michael's group demonstrated that a block copolymer styrene-co-isoprene is obtained when anionic polymerization of styrene is followed by the addition of isoprene. Subsequent repeated additions of styrene followed by additions of isoprene yield a poly(styrene-isoprene-co-styrene-co-isoprene-costyrene-isoprene-…). Reversal of the addition of monomers, namely starting with the polymerization of isoprene, yields poly(isoprene-co-styrene-co-…). Moreover, by changing the amounts of one or of the two monomers each time, different distributions of the copolymers along a polymeric chain can be obtained.
The living polymerization technique permits systematic studies of the properties of such materials as a function of structural factors, by eliminating difficulties arising from their unknown composition, mixture with homopolymers, and so on. A few examples illustrate this point. The preparation of block copolymers of styrene and ethylene was investigated in Michael's laboratory (10) when Paul Rempp visited it. Because these copolymers showed unusual properties, Rempp repeated the experiments in Strasbourg and gave samples of the prepared copolymers to A. E. Skoulios, who showed that they formed mesomorphic phasescrystalline layers of poly(ethylene oxide) separated by amorphous layers of glassy polystyrene. The formation of such structures is greatly facilitated by the uniformity of the blocks, which is a characteristic feature of block copolymers prepared by the living polymerization technique. Another example of this regularity was provided by the work of B. R. Gallot and C. Sadron. They prepared block copolymers of styrene with butadiene, with vinyl pyridine and with methyl methacrylate, and showed that one kind of block forms matrices through which hexagonally spaced parallel tubes of the other block protrude. A spectacular phenomenon was described by Ed Vanzo: uniform poly(styrene-co-butadiene) copolymers of sufficiently high molecular mass, swollen by a small amount of solvent and spread on a surface, formed parallel layers of thickness comparable to the wavelength of visible light and acted as a diffraction grating (Vanzo 1966) . The intrinsically colourless material thereby acquired brilliant colours due to the interference of light. Another former student of Michael's, Ralph Milkovich, who participated in his first block copolymerization experiments, used the living anionic polymerization technique for the preparation of the triblock copolymers poly(styrene-co-butadiene-costyrene) that behave as a vulcanized rubber at room temperature. However, above the melting temperature of polystyrene they can be moulded or extruded. This kind of block copolymer is known today as thermoplastic rubber. Subsequent morphological studies showed that polystyrene blocks form rigid domains in the rubbery matrix of these copolymers, which act as cross-linking centres. The cross-linking action is lost when the polystyrene blocks melt; the material then flows readily.
The lack of termination or chain transfer in living polymer systems permits studies of the equilibrium between a monomer and a living end of the growing polymer. The principle of microscopic reversibility demands that living polymers can depropagate as well as grow. An equilibrium must eventually be established, [M] eq ǃ1/K, where [M] eq is the equilibrium concentration of the monomer and K is the equilibrium constant of propagation, for a sufficiently large degree of polymerization at which K is independent of the degree of polymerization (K nǁ1 ǃK n ǃK n+1 ǃK ∞ ). Thermodynamic considerations dictate that polymerization can take place only if the free energy of the process is negative. When both ǵH p and ǵS p are negative (a frequent situation in polymerizations), a ceiling temperature T c must exist at which the polymer cannot grow further, namely T c ǃǵH p /ǵS p .
Michael's students and collaborators as well as other investigators measured [M] eq at various temperatures to determine the thermodynamic constants of polymerizations. However, for Ȋ-methyl styrene, which in the vicinity of room temperature can only oligomerize anionically in tetrahydrofuran (THF), these simplified equations do not apply; Michael and his colleagues could not use this simplified treatment for this system so they developed a proper one (pp. 109-110 in (14)).
Kinetic studies of anionic polymerizations led Michael to an understanding of the intricate details of the mechanism. Such studies are simplified by the fact that the concentration of living ends is constant, and consumption of the monomer measures directly the pseudo-firstorder rate of propagation. Not only were the rate constants of propagation of various monomers determined in his laboratory but so also were the rate constants of cross-propagation in the copolymerization processes. These studies also enabled the assessment of the effect of penultimate groups on the rates of copolymerization. Most importantly, such studies conducted in different solvents, with different counterions, in the presence of added salts and at different temperatures, led to a full understanding of the influence exerted by the state of the association of growing carbanions with their counterions.
It must be noted at this point that kinetic studies of the living anionic polymerization of styrene in the presence of anthracene led to the discovery of 'dormant' polymers (12, 13). They were called 'dormant' because of the reversible formation of a complex between a living end of polystyrene and an anthracene molecule; polymerization of polystyrene was therefore strongly retarded. The rate of such polymerizations could be modified at will by increasing or reducing the amount of added anthracene. An example of a reversible intermolecular conversion of living polymers into dormant ones was provided by the addition of styrene to the living poly(1-vinylnaphthalene). The first molecule of styrene added to the terminal ǁ CH(naphthyl) anion generates a non-propagating benzyl carbanion, intramolecularly associated with the preceding naphthyl. It is, however, in equilibrium with a small fraction of the usual active styryl carbanion -ǁ CH(Ph). A second styrene unit therefore adds very slowly. However, after it has added it forms the usual styryl carbanion -CH 2 CH(Ph)-CH 2 CH(Ph) ǁ , which grows very fast when further styrene is added. Although the discovery of the not-verylabile 'dormant' carbanionic complexes was not of practical importance for the 'immortal' living polymeric carbanions, which can be terminated only by the addition of protonating agents, it paved the way for other modes of controlled polymerization, in which labile dormant complexes drastically reduced the instantaneous concentrations or/and lifetimes of the selfterminating active species.
RADICAL ANIONS DIANIONS AND ELECTRON TRANSFER REACTIONS
Michael began his studies of living anionic polymerization by transferring an electron from an aromatic radical anion to a vinyl monomer. The resulting radical anion of the monomer dimerized immediately, yielding living dimeric dianions that propagated growth from both ends. Clarification of this mechanism led him to extensive studies of radical ions. Michael used potentiometric and polarographic titrations to determine the electron affinities of a dozen aromatic hydrocarbons and a few non-polymerizable olefins in various solvents. Studies of the reactivities of radical anions and their dianions yielded important results. They showed that many reactions attributed to radical anions are induced by the corresponding dianions. Thus rates of protonation of radical anions by water or alcohols in polar solvents are slowed by the addition of the respective hydrocarbons. Moreover, they are proportional to the square of the concentration of radical anions and inversely proportional to the concentration of the added hydrocarbon (15). This proves that the respective dianions produced by the disproportionation equilibrium are the active reagents.
Pronounced effects due to ion pairing, the solvating power of the medium and its dielectric constant have been demonstrated by studies of the disproportionation of tetraphenylethylene and stilbene, in which the transformation of radical anions into dianions causes structural changes.
In THF the disproportionation constant, K disp , of tetraphenylethylene has been found to be shifted strongly in favour of dianions, but it decreases with increasing solvating power of the medium, in the order dioxaneӷtetrahydropyrane >THF >dimethoxyethaneӷhexamethyl-phosphoramide, and increases along the series Li, Na, Cs (that is, with increasing the size of the counterion). The reasons for this apparently peculiar behaviour are obvious when one realizes that, as a result of steric hindrance, the radical anions can have only a very loose contact with the counterions (loose ion pairs). The separation will increase with increasing size of the cation. However, the C=C double bond disappears when, after disproportionation, the dianions acquire a planar conformation that allows close contacts with the counterions (contact ion pairs). Energy gain as a result of the conversion of very loose ion pairs into contact ones drives the conversion of radical ions into dianions. Obviously the gain in energy is greater when, for steric reasons, counterions where kept farther apart. Hence, the disproportionation constant increases with increasing size of the counterion. In hexamethylphosphoramide (HMPA), anions and cations are fully dissociated and there is no incentive for disproportionation; K disp is therefore very low (21).
For the same reason, electron transfer to cis-stilbene in THF induces an immediate isomerization of the radical anions into trans-stilbene radical anions. The energy gain resulting from the conversion of loose ion pairs permitted in the cis conformation of this radical anion into contact ion pairs in its trans conformation induces the instantaneous isomerization. Again, there is no such incentive in HMPA, and radical anions of stilbene remain in their cis conformation. The lithium salt of the radial anions of cis-stilbene at ǁ77°C in THF is fully dissociated. Indeed, it does not isomerize under these conditions (17, 22, 23) .
Michael also solved, within the framework of his investigations of radical ions, an intriguing problem of polymer physics: during Brownian motions of flexible polymer chains their two ends approach occasionally, then separate, then approach again, and so on. How often do these intermolecular 'collisions' occur? How does their frequency depend on the length of the chains, their nature, the nature of the solvent and the temperature of the solution? Polymeric chains of -(CH 2 ) n -or -(CH 2 CH 2 O-CH 2 CH 2 ) m -terminated by aromatic moieties, one of which was endowed with an extra electron, were synthesized to answer these questions. Such molecules are paramagnetic and have characteristic ESR spectra. In dilute solutions the shape of such spectra depends on the frequency of intramolecular electron transfers resulting from intramolecular 'collisions'. For diffusion-controlled processes the frequency of transfers measures the frequency of 'collisions', which depends on the stiffness of the chains. The desired information was derived from such experiments (16, 18, (24) (25) (26) ). An interesting digression of this research resulted in a paper entitled 'How far can electron be transferred? ' (19, 20 Michael continued writing articles and books on ionic polymerization until shortly before his death. The lasting significance of his work is indicated by the fact that there have been a few hundred references to his publications for years after his formal retirement and several even today.
PERSONAL ASPECTS
Michael's personality and exceptional scientific talent made deep and lasting impression on everybody who came into contact with him. His boundless energy and enthusiasm became legendary between his collaborators and students. He was very generous and without hesitation shared with other scientists both his original ideas and the scientific information available to him. He also did not hesitate to give credit to his collaborators and students when they deserved it. He was, however, fanatical about honesty and scientific truth. If he believed that somebody was in the wrong he did not hesitate to criticize, even if it might cost him a prize, which he undoubtedly deserved. His ability to think deeply about problems that interested him was a trait he kept to the end. His brain would work relentlessly to find a solution and was not satisfied until all aspects and implications were explored. When he solved one scientific problem he would immediately turn to the next. Michael was also a brilliant lecturer and knew how to explain very complicated phenomena in an understandable and interesting fashion.
Michael and Marysia's hospitality was proverbial. He often invited his collaborators and students to his home, as well as friends and visitors from out of town. He was not a bit snobbish. He could invite a young promising student together with a most distinguished visiting scientist. He liked music, especially Chopin, and played the piano very well. Occasionally, he would favour his guests with a short piano recital, but only on being urged. He was also an excellent swimmer. A view of a tiny head far out in the water on a lake was a common feature of an afternoon during Gordon Conferences that he attended. During an American Chemical Society meeting in Miami, Michael went for a swim in the ocean and disappeared beyond the horizon. When we expressed anxiety about his fate, his wife said he was always doing it and would return safely. He was 76 years old at the time.
Michael's family also played a very important part in his life and gave him much pleasure and satisfaction. He was a faithful husband to Marysia and loved their three children, Raphael, Myra and Rina, and his devoted grandchildren, very much. He was a greatly respected member of the international scientific community and was admired for his outstanding achievements. The Polymer Research Institute in Syracuse, New York, was renamed the Michael Szwarc Polymer Research Center.
